The X chromosome has long been an intriguing site for harboring genes that have importance in brain development and function. It has received the most attention for having specific genes underlying the X-linked inherited intellectual disabilities, but has also been associated with schizophrenia in a number of early studies. An X chromosome hypothesis for a genetic predisposition for schizophrenia initially came from the X chromosome anomaly population data showing an excess of schizophrenia in Klinefelter's (XXY) males and triple X (XXX) females. Crow and colleagues later expanded the X chromosome hypothesis to include the possibility of a locus on the Y chromosome and, specifically, genes on X that escaped inactivation and are X-Y homologous loci. Some new information about possible risk loci on these chromosomes has come from the current large genetic consortia genome-wide association studies, suggesting that perhaps this hypothesis needs to be revisited for some schizophrenias. The following commentary reviews the early and more recent literature supporting or refuting this dormant hypothesis and emphasizes the possible candidate genes still of interest that could be explored in further studies.
Introduction
Several years ago, the literature was populated with reports that sex chromosome anomalies were more frequent in people with schizophrenia, and case reports were published, particularly on X chromosome anomalies and schizophrenia [1] [2] [3] . These were published in years prior to the field having the technology for examining DNA sequences and genes directly. The main source of genetic data came from chromosome karyotypes and, particularly, some high-resolution ones. However, the early large population studies specifically screening for X chromosomes were reports based on buccal smear findings of the so-called "bar bodies" in cells indicating extra X chromosomes (e.g., more than 1; [4] [5] [6] [7] ). It was generally recognized that having Klinefelter's syndrome put one at an increased risk for a major psychiatric disorder, particularly psychotic in nature [2, 8] .
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At the same time, observations also existed of many sex differences in the clinical aspects of schizophrenia, such as the timing of onset, specific symptom clusters, and outcome of the disorder (reviewed in [9] [10] [11] [12] ), as well as sex differences in familial risk for schizophrenia (reviewed in [13] ). The combination of these 2 lines of evidence led DeLisi and Crow in a series of papers in the 1980s and 1990s to postulate that a gene for schizophrenia must exist on the sex chromosomes, not just on X but also on Y [3, [14] [15] [16] [17] . Since the illness was transmitted to females and males from both mothers and fathers and, thus, did not follow the typical X-linked pattern of inheritance, the hypothesis led to emphasizing the regions of homology between both X and Y and also loci where recombination between X and Y chromosomes is known to occur [3, 14] (reviewed in [18] ). The hypothesis was further supported by the observations that many genes expressed in the brain responsible for cognitive development are derived from the X chromosome and that approximately 50% of all intellectual disabilities have a defect in a gene on the X chromosome as its underlying basis (reviewed in [19, 20] ).
Nevertheless, although initially promising [21] [22] [23] , early molecular studies were never able to show a linkage or association with schizophrenia for any region of the sex chromosomes or variants in the genes located there, despite the existence of some good candidates [24] [25] [26] [27] [28] [29] [30] [31] . Although there continued to be lack of data to support this hypothesis and interest waned among most investigators in pursuing it further, the sex chromosome hypothesis has never been clearly negated. Gene expression on the sex chromosomes is difficult to study because of the complexity of X inactivation, its possible skewness in some situations, the various genes that escape inactivation fully or at least partially, and finally the fact that inactivation of X chromosome genes may be occurring in some cells but not others. Given these problems, knowledge is limited about the most appropriate ways in which population data on sex chromosome genes can be evaluated. Nevertheless, there are some indications that factors on these chromosomes do confer at minimum a small risk [32, 33] .
Goldstein and colleagues [4] recently published a review of sex differences in the genetics of schizophrenia and also described a study from their group [34] which demonstrated that psychosis rates for offspring of ill individuals were similar when sex of the progeny was not considered. But, if the sex of both the ill parent and the affected offspring were taken into account, then a sexdependent pattern of transmission appeared. Sons of mothers with psychosis had a higher rate of illness than daughters of women with the disorder (18.8 vs. 9.5%). Additionally, daughters of men with psychosis had an increased incidence of psychosis when compared to male progeny of other psychotic males (15.2 vs. 3.2%; Goldstein et al. [34] ). These results, along with a review of other studies involving both schizophrenia and bipolar disorder, led these authors to suggest that a sex chromosome gene for psychosis still remains viable and that reduced penetrance or X inactivation may be occurring when mothers transmit the X chromosome gene to daughters. In the case of transmission from fathers, these authors suggest that an X chromosome gene is more likely involved than one on Y, given excess father-to-daughter transmission. This study contrasts with the much earlier report of Crow et al. [14] finding evidence for X and Y inheritance for schizophrenia from family data of multiplex families with affected sibling pairs. In these families, those individuals who had paternal inheritance of illness were more likely to be siblings of the same sex than those affected siblings with a maternal line of inheritance of illness. Since fathers pass on their X to daughters and their Y to sons, if the gene for illness were on either X or Y, it is likely that those siblings affected would be the same sex. Whereas, since mothers pass on 1 of their 2 Xs to their children (sons or daughters), it would be unlikely that with maternal inheritance, same-sex concordance would occur any more than by chance. Nevertheless, this study may not be inconsistent with the Goldstein et al. [34] report, since it did not address whether fathers transmitted illness more often to daughters than sons. Neither of these studies has yet been replicated in other populations.
The Candidate Gene Approach
Examples of candidate sex chromosome genes that have specifically been studied and implicated in schizophrenia are currently weak and inconsistent. These are listed in Table 1 volvement of these genes in schizophrenia. They are part of a small class of genes that have homologies on both X and Y. These are cell surface adhesion molecules expressed predominantly in the brain.
3. MECP2, a gene that is involved in the expression of DNA sequences that have been methylated. This gene is expressed in greater amounts in the brain than in other tissues in the body, and mutations in the gene Involved in encoding a chromatin-modifying enzyme that acts on the amino acid on histone H3. Mutations in histone H3 methylation have been shown to be involved in several disorders of intellectual disability. Additionally, it has been found to be involved in the transcription of genes related to neural plasticity and neural maturation [66] .
SYP/ CACNA1F
Xp11 SYP: Encodes a membrane protein of small synaptic vesicles in brain and endocrine cells. Involved in early neurogenesis and synaptogenesis. Also involved in the regulation of neurotransmitter release, synaptoplasticity, and production/recycling of vesicles in synapses [67] . CACNA1F: Involved in the production of Ca channels. In particular, this gene provides instructions on making a portion of the alpha subunit for these channels [68, 69] .
HOPA Xq13
Belongs to the thyroid receptor-associated proteins (TRAP) that serve as co-activators for thyroid hormone receptor. Also codes proteins critical in the regulation of transcription via the Wnt and receptor tyrosine kinase pathways, both of which are involved in cell differentiation and growth [70] .
PCDH11XY
Xq21.3/Yp11.2 Cell-surface adhesion molecules expressed predominantly in the brain [18, 39, 71] .
MAGEA11 c

Xq28
Involved in the androgen and progesterone receptor signaling pathway. Involved in migration and differentiation of cells in embryos and germ cells [72] .
ARHGAP4 a
Xq28
Produces RHO GTPase-activating protein that plays a part in growth of axons and mobility of cells during embryonic development [40, 48] .
Involved in the expression of DNA sequences that have been methylated. An epigenetic factor that participates in chromatin folding and transcriptional regulation [40, 44] .
GPR50 Xq28
Encodes a protein that can disrupt melatonin signaling. Also associated with neural development. May be connected to neurotransmitter signaling and response to stress [73, 74] .
IRAK1 Xq28
Crucial to the IL-1 receptor signaling pathway [40, 49, 50] . SRY Y May be involved in dopamine regulation [53] .
Involved in the renin angiotensin system with production of angiotensin II, a neurotransmitter that communicates with dopaminergic systems. Hypothesized to be important for normal thought processes [40, 54, 55] .
DOI: 10.1159/000491489 have been associated with many neurodevelopmental disorders, including autism and schizophrenia [40] [41] [42] . It is also associated with decreased brain cortical area in at least 2 studies [43, 44] . Additionally, MECP2 has recently been shown in animal models to be an integral component for GABA release from neurons [45] . Of note, GABAergic dysfunction has been long thought to be involved in the pathogenesis of schizophrenia [46, 47] [40, 49, 50] . IL-1β is also hypothesized to participate in immunological reactions involving infections in utero, which may then lead to deleterious effects on a developing neurological system [40, 51] . 6. The SRY gene on the Y chromosome [52] . The gene is present on a limited number of dopaminergic neurons in the midbrain area and has been suggested to be involved in important processes involving dopamine regulation, i.e., catecholamine synthesis, in the midbrain in animal models [53] . Few, if any, studies have looked at this particular gene in psychosis or schizophrenia.
The Unbiased Screening of the Genome
Beginning in approximately 2007, a new concept became the major focus of the field of psychiatric genetics, that is, to perform large genome-wide association studies (GWAS) with very densely packed marker sets to find risk genes for all the major psychiatric disorders, including schizophrenia. One of the largest international research collaborations in psychiatry was formed during this time, the Psychiatric Genomics Consortium (PGC), and, ultimately, it has been able to perform GWAS of schizophrenia on over 100,000 individuals with the published results showing several risk variants of small effect, including some on the sex chromosomes [32, 33] . The markers used to screen in GWAS generally cover the X chromosome, but not the Y chromosome, in a dense enough pattern to be able to perform a meaningful GWAS.
However, the first smaller GWAS of schizophrenia performed demonstrated some evidence of SNPs associated with the X chromosome in their top results [13, 30, 31] . Wong et al. [40] performed a GWAS of schizophrenia in the Han Chinese population and also examined a group of selected candidate genes from prior studies and plausible biological pathways. In this series of studies, they found genome-wide significance for SNPs in the gene RENBP as well as in 2 other genes that have previously been associated with schizophrenia, ARHGAP4 and MECP2, all 3 of which are located on Xq28.
RENBP, renin-binding protein, is involved in the renin angiotensin system. This system has previously been thought to be involved in schizophrenia as well as other disorders [40, 54, 55] . Angiotensin II is a neurotransmitter that communicates with dopaminergic systems in the brain and is hypothesized to be important for normal thought processes [56, 57] .
The first publication from the International Schizophrenia Consortium [32] , later incorporated within the larger PGC (http://www.med.unc.edu/pgc/about-us/ about-the-pgc), interestingly, out of the SNP associations with p < 0.0001, found 2 mapped to the X chromosome, one of which was XY homologous. In a later publication from this consortium [33] , some loci on the X chromosome reached genome-wide significance and included 2 genes of interest involved in synaptic plasticity and function: NLGN4X on Xp21.3 and CNKSR2 on Xp22.12.
There are also some other intriguing recently published studies that suggest focusing back on examining the sex chromosomes. One is a large Swedish exome sequencing study on over 12,000 individuals, 4,877 with schizophrenia [58] . These authors, focusing on the presence of ultra-rare variants, found them to be significantly more frequent in people with schizophrenia than in the rest of the population. Most of the rare variants were concentrated in brain-expressed genes, disrupting the gene sequence, presumably altering protein structure. Most relevant is that the elevation in damaging ultra-rare mutations appeared to be mostly within X-linked genes for intellectual disability, including KDM5C (an H3K4 methylation eraser gene variant). There are other exome sequencing studies of schizophrenia showing an excess of variants in genes whose mRNAs are bound by the fragile X mental retardation protein (FMRP; [58] [59] [60] ).
Similarly, the recently published large-scale copy number variation (CNV) analysis of the PGC data [61] also found some X chromosome associations. In this report of over 21,000 cases, CNVs were found in various locations throughout the genome, but also included 2 Mol Neuropsychiatry 2018;4:83-89 DOI: 10.1159/000491489 significant duplications on Xq28 (one of which was in MAGEA11) and suggestive, although not significant, deletions on Xp21.2 (DMD). It is also interesting that a study of CNVs in Klinefelter's individuals [62] showed an overall increase in CNVs when compared with normal males or females, and half of the X-linked CNVs fell within regions encompassing genes. Most of these genes (90%) escape X inactivation and are within the regions of X-Y homology, particularly the pseudoautosomal region 1 (PAR1) and Xq21. 31 .
In summary, the role variants in genes on the sex chromosomes play in abnormal brain development, and thus in the risk for mental illnesses, is yet to be determined. The challenges that have prevented progress in understanding the effects of these genes are many and include the complex role X inactivation plays in gene expression and the manner in which homologous genes on both X and Y chromosomes contribute to gene expression. Future studies might clarify the significance of the sex chromosomes in schizophrenia by examining sequencing data on the sex chromosomes in multiplex families to identify loci shared by all affecteds within families [63] , exploring these abnormalities across diagnoses and further exploring the candidate genes that have thus far been observed, particularly as they have emerged from the unbiased GWAS and CNV whole-genome screens. A combination of new sequencing techniques in multiplex families with a focus on sex chromosomes may ultimately move this notion from the "sex chromosome hypothesis" to the finding of genes of risk for schizophrenia and other disorders, as well as lead to a further understanding of the role of the sex chromosomes in brain development and maldevelopment at the molecular level.
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